Introduction
Since the two pioneering books of Mandelbrot ͓1͔ and Feder ͓2͔ , the noneuclidean, fractal, and multiscale geometry of nature has been observed everywhere. In particular, a fractal size distribution is clearly presented by particles obtained from explosive or impact fragmentation processes, both natural and man-made. The fractal nature of the phenomenon simply means that the fragments are geometrically self-similar at each scale. Engleman et al. ͓3͔ show that this particle size distribution ͑power-law͒ is a necessary consequence of the maximum entropy principle.
Based on the fractal particle size distribution, a fragmentation theory is herein developed. The results are three simple and pow-erful universal laws for the multiscale energy dissipation under impact and explosion fragmentation for one, two, and threedimensional bodies, respectively.
The three-dimensional law unifies the most important and wellknown fragmentation theories: the surface theory ͓4͔, when the dissipation occurs on a surface, the volume theory ͓5͔, when the dissipation occurs in a volume and the third comminution theory ͓6͔, when the dissipation occurs in a domain exactly intermediate between a surface and a volume ͑see ͓7͔͒.
Three-Dimensional Theory
After comminution or fragmentation, the cumulative distribution of particles with radius (ϭ3ͱ3/4•volume particle ) smaller than r is ͑see, for example, ͓8͔͒
where N(Ͻr) is the number of fragments with radius smaller than r, N 0 is the total number of fragments, r min (Ӷr max ) is the minimum fragment radius, and D(Ͼ0) is the fractal dimension. The probability density function p(r) times the interval amplitude dr represents the percentage of particles with radius comprised between r and rϩdr. It is provided by derivation of the cumulative distribution function ͑1͒:
During fragmentation, the energy dissipation due to fracture, dW F , is proportional to the surface area of fragments, dS ͑Griffith ͓9͔͒:
During impact fragmentation ͑material in compression͒, the main dissipation dW C is due to collisions and friction between particles ͑converted into heat͒ and the effect results to be proportional to the same quantity dS ͑Smekal ͓10͔, see ͓7͔͒:
On the other hand, during explosion fragmentation ͑material in tension͒ the main dissipation dW T is proportional to the kinetic energy of fragmented ejecta dT. The velocity of fragmented ejecta varies inversely with fragment size as vϰr Ϫ1/2 ͑Nakamura and Fujiwara ͓11͔͒, so that the kinetic energy, i.e., the main dissipation in explosion, results again in being proportional to the fragment surface dS ͑of volume dV):
Summarizing, the global dissipation in impacts (W C ϩW F ) or explosions (W T ϩW F ) surprisingly appears always proportional to the total surface area S of fragments. It can be obtained by integration:
If 0ϽDϽ2 it is necessary to specify r max but not r min in order to obtain a finite total surface area of fragments. But if DϾ2 it is necessary to specify r min in order to constrain the total surface area to a finite value. Thus for most observed distribution of fragments the surface area of the smallest fragments dominates.
On the other hand, the total volume of the particles, or total fragmented volume V, is
If 0ϽDϽ3 it is necessary to specify r max but not r min in order to obtain a finite volume of fragments. The volume is predominantly in the largest fragments. This is the case for most observed distributions of fragments. If DϾ3 it is necessary to specify r min but not r max . the volume of the small fragments dominates.
It is interesting to note that in Eqs. ͑6͒ and ͑7͒ D equal to 2 and 3 do not represent singular points but indeterminate forms. So, the physical meaning is preserved also for D equal to 2 and 3.
Based on fracture mechanics we can assume a material ''quantum'' of size r min ϭconstant ͑Novozhilov ͓12͔ and Sammis ͓13͔͒ and make a statistical hypothesis of self-similarity, i.e., r max ϰ ͱ 3 V ͑the larger the fragmented volume, the larger the largest fragment; Carpinteri ͓14͔͒, so that the energy W dissipated in a three-dimensional fragmentation process, which is proportional to the total surface area S, can be obtained eliminating N 0 from Eqs. ͑6͒ and ͑7͒ as
The universal law of Eq. ͑8͒ can be used to predict the multiscale energy dissipation under fragmentation in impacts and explosions of three-dimensional bodies. It represents an extension of the third comminution theory, where WϰV 2.5/3 ͓͑6͔; see ͓7͔͒. The extreme cases contemplated by Eq. ͑8͒ are represented by D ϭ2, surface theory ͓͑4͔; see ͓7͔͒, when the dissipation really occurs on a surface (WϰV 2/3 ), and by D ϭ3, volume theory ͓͑5͔; see ͓7͔͒, when the dissipation occurs in a volume (WϰV). These three laws are substantially experimental, so that the universal law of Eq. ͑8͒ is obviously experimentally verified. 
Two-Dimensional Theory
so that Eq. ͑8͒ becomes
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The universal law of Eq. ͑10͒ can be used to predict the multiscale energy dissipation under fragmentation in impacts and explosions of two-dimensional bodies ͑e.g., panel or shell structures͒. Nrp͑r ͒drϭNr,
so that Eq. ͑8͒ becomes (DϾ0)
The universal law of Eq. ͑12͒ can be used to predict the multiscale energy dissipation under fragmentation in impacts and explosions of one-dimensional bodies ͑e.g., beams or cables͒.
An Example of Application: The Asteroid Collision
As an example, we can apply the three-dimensional law to the prediction of the devastated area due to asteroid impacts on earth as a function of the energy released in the collision. The comparison with the experimental Steel's law ͓͑15͔͒, based on nuclear weapons tests, shows a good correspondence.
Assuming that the destroyed zones ͑or fragmented volumes V͒ are self-similar at each scale, the area ⍀ devasted devastated by an impact is proportional to V 2/3 and, being WϰV D /3 , the theoretical prediction for the devastated area will be
Steel ͓15͔ provided the following formula ͑see http:// www1.tpgi.com.au/users/tps-seti/spacegd7.html͒, based on nuclear weapons tests, for estimating the area of destruction due to asteroid impacts:
Equation ͑14͒ appears in good agreement with the theoretical prediction of Eq. ͑13͒ and, if we assume D Ϸ3, they practically coincide.
Conclusions
Summarizing, the universal laws for the energy dissipation in impact and explosion fragmentation of one, two, or threedimensional bodies can be rewritten as
WϰV D /3 ͑ 2рD р3 ͒ three-dimensional.
The three-dimensional law unifies the experimentally verified and well-known fragmentation theories ͑surface theory, von Rittinger ͓4͔; volume theory, Kick ͓5͔; and third comminution theory, Bond ͓6͔; see ͓7͔͒.
